Synopsis Spider silk is a high-performance biomaterial with exceptional mechanical properties and over half a century of research into its mechanics, structure, and biology. Recent research demonstrates that it is a highly variable class of materials that differs across species and individuals in complex and interesting ways. Here, we review recent literature on mechanical variation and evolution in spider silk. We then present new data on material properties of silk from nine species of spiders in the Mesothelae and Mygalomorphae, the two basal clades of spiders. Silk from spiders in the Araneomorphae (true spiders where most previous research on silk has focused) is significantly stronger and therefore much tougher than the silk produced by spiders in the basal groups. These data support the hypothesis that the success and diversity seen in araneomorph spiders is associated with the evolution of this high-performance fiber. This comparative approach shows promise as a way to understand complex, high-performance biomaterials.
Introduction
Spider silk is a protein fiber that has been the subject of intense research because of its impressive mechanical properties, including high strength and unprecedented toughness ( Fig. 1) (Gosline et al. 1986; Vollrath 1999; Gosline et al. 2002) . Spiders use silk for a number of activities central to their survival and reproduction, including wrapping of egg sacks, preparing safety lines, lining retreats, and most famously the capturing of insects (Foelix 1996; Vollrath 1999; Blackledge and Hayashi 2006a) . The fibroin proteins are expressed from specialized abdominal glands whereupon they polymerize into ordered fibers as they are drawn from abdominal spinnerets (Work 1977; Guerette et al. 1996; Gosline et al. 1999) . All known species of spiders produce some sort of silk throughout their lives and spinnerets are considered a synapomorphy of the spider clade (Selden 1996; Coddington et al. 2004) . Spiders are an extremely diverse and successful group, with over 39,000 described species to date (Coddington et al. 2004 ). This diversity is hypothesized to be correlated with the evolution of this high-performance fiber that many species use to capture insect prey (Foelix 1996; Vollrath 1999; Gatesy et al. 2001; Vollrath and Selden 2007) . However, only recently has there been sufficient data on the diversity and variability of the properties of silk to test hypotheses about its evolution.
The mechanical properties of spider silk have been studied for over 40 years (Work 1978; Zemlin 1968) . Early investigators of the mechanics of spider silk examined the material properties of large, orb-weaving spiders and were able to conclude that spider silk was not only very strong (has a high breaking stress, or force per cross-sectional area) and tough (has a high breaking energy in joules absorbed per unit volume), but that spiders are able to produce several mechanically distinct fibers from different silk glands (Denny 1976) . These different silks include dragline silk, which is very stiff and strong, and capture spiral silk, which acts like a very stretchy rubber (Denny 1976; Gosline et al. 1986 ). The characterization of these silks from a few species has been extensive. Research has examined mechanical behavior under different solvents and environmental conditions Vollrath et al. 2001; Dicko et al. 2004; Yang et al. 2005; Glisovic and Salditt 2007) , characterized the amino acids that make up the silk proteins (Work and Young 1987; Xu and Lewis 1990; Beckwitt et al. 1998; Gatesy et al. 2001; Sponner et al. 2005) , and examined self repair and supercontraction (the behavior of shortening forcefully when hydrated) (Pérez-Rigueiro et al. 2003) .
To understand the evolution of material properties across species, the range of variation in performance must be determined and compared across spider 1 E-mail: swansonb@gonzaga.edu phylogeny (Garland and Carter 1994; Garland et al. 2005) . Hence, the characterization of the silk produced by a few large, derived, closely-related spiders does not shed light on the evolution of spider silk. Material properties of dragline silk have been found to be variable on several levels. Broader phylogenetic samples demonstrated that there is repeatable variation in the properties of silk across species (Köhler and Vollrath 1995; Madsen et al. 1999; Opell and Bond 2001 ). This interspecific variation is then overlaid on individual variation and behaviorally mediated intraindividual variation in silk properties. Madsen et al. (1999) suggested that the interspecific variation in properties of dragline silk could be related to silk use or type of web; their data, however, did not provide enough samples to test this hypothesis. Capture silk has also been shown to be highly variable in its properties. This variability was related to both phylogenetic pattern (i.e., closely related species tended to have similar silk characteristics) and ecology (type of web seemed to be related to the properties of the component capture silk) (Bond and Opell 1998; Bond 2000, 2001) .
Evolutionary variability in silk proteins
The first sequences of silk proteins were published by Xu and Lewis (1990) . These researchers were able to produce transcripts from cDNA translated from mRNA found in the major ampullate silk glands, which produce dragline silk. These amino acid sequences have highly-ordered, repeated regions with motifs that include poly-Alanine repeats, glycine-alanine repeats, and glycine-proline-glycine repeats (Xu and Lewis 1990; Hinman and Lewis 1992; Hayashi and Lewis 1998) . Molecular modeling suggests that the different amino-acid motifs should produce different secondary structures within the fiber (Vollrath et al. 1996; Hayashi et al. 1999; Becker et al. 2003) . For instance, alanine-rich regions should produce highly ordered beta sheets, the glycine-proline-glycine motif produces beta spirals and the less-ordered regions with more complex sequences produce amorphous regions, all within the same protein (Hayashi et al. 1999 ). This complex protein structure has been suggested to confer a nanocomposite structure to the protein fiber that provides the high performance characteristics of both high strength and extensibility that together produce the extreme toughness seen in silk (Vollrath et al. 1996; Hayashi et al. 1999) . Aminoacid sequence has now been obtained for several different types of silk, including dragline silk (Xu and Lewis 1990; Hinman and Lewis 1992; Guerette et al. 1996) , capture-spiral silk (Hayashi and Lewis 1998; Hayashi 2000) , egg-case silk (Garb and Hayashi 2005; Tian and Lewis 2005) , and prey-wrapping silk (Hayashi et al. 2004 ) and for a number of species (Guerette et al. 1996; Beckwitt et al. 1998; Gatesy et al. 2001; Tian et al. 2004; Garb and Hayashi 2005) . The silk types have different sequences of amino acids and, for a given type of silk, these are more similar across species than are different silk types within a species. For instance, the amino-acid sequence of dragline silk from two different species is more similar than is any one of those dragline sequences to a capture-spiral sequence from the same spider. However, the amino-acid sequence for a given type of silk is also variable across species. For example, the length and number of the repeated motifs vary across species. It is hypothesized that these differences in sequence, both among silk types and within a species and silk type across species, produce variations in performance of the material. The link between sequence and performance is thought to be due to different amounts of beta-sheet, beta-spiral, and amorphous secondary structures that they confer (Hayashi et al. 1999) . However, it is still unknown exactly how the variation in amino-acid sequence observed across species affects the performance of silk.
Intraspecific variability in silk
Spinning behavior can also affect silk properties within an individual (Denny 1976) . This is part of the complex intraspecific and intraindividual variation seen in silk properties (Madsen et al. 1999 ; Fig. 1 A schematic of a stress versus strain curve produced during a tensile test of spider silk with material properties as measured from the graph. Strength is the stress at rupture. Extensibility is the strain at rupture. Stiffness, or Young's modulus, is the slope of the stress/strain curve over the first linear portion of the curve. Toughness is the area under the stress/strain curve, or the energy required to break the fiber divided by the volume of the fiber (modified from Swanson et al. 2006b ). Vollrath et al. 2001) . Recent experiments have shown that spiders can change the material and mechanical properties of their silks in response to conditions. This includes apparently adaptive changes in silk morphology and material properties in response to available food resources (Tso et al. 2005; Boutry and Blackledge 2008) , and changing silk properties in response to orientation during spinning (e.g., whether on horizontal or vertical substrates) (Pérez-Rigueiro et al. 2001; Vollrath et al. 2001; Garrido et al. 2002b) . The mechanisms of these changes in silk properties are not completely known but it appears that spiders may be able to change the amino-acid composition of their silk, and that both spinning rate and the amount of sheer stress during silk production affect properties (Craig et al. 2000; Garrido et al. 2002a; Tso et al. 2005) .
Evolutionary studies of silk mechanics
The major impediment to understanding of the diversity of the properties of spider silk across species was the ability to reliably test silk of very small diameter or with very small breaking forces, such as produced by many small species of spider (and by some large ones). To solve the problem of nano-scale tensile testing, John Swindeman at Nano Instruments developed a tester that uses a piezoelectric NMAT head in place of a traditional load cell (Blackledge et al. 2005c ). The resulting Nano-Bionix Õ allows for tensile testing with force resolution on the nano-Newton scale and displacement resolution on the micrometer scale (Blackledge et al. 2005c; Blackledge et al. 2005b) . Additionally, the nanoscale tensile tester allows continuous dynamic testing throughout a test. Spider silk is a viscoelastic material, meaning that it has characteristics of both a solid (strain-dependent stiffness) and a liquid (strain-ratedependent viscosity) (Denny 1976) . When running a dynamic test, the tester imposes a sinusoidal oscillation on the sample during extension and measures the strain response of the sample. From the phase shift of the imposed stress and the resulting strain, it is possible to calculate a storage modulus describing the elastic behavior of the material, a loss modulus describing the viscous behavior of the material, and a tangent of delta, which is the loss modulus divided by the storage modulus (Blackledge et al. 2005c) .
The dynamic range of this technology allows for testing a much wider size range of silk samples and the silk from many more species. Several studies have used this technology to describe the range of material properties exhibited both within a species (Blackledge et al. 2005a (Blackledge et al. , 2005b Blackledge et al. 2005; Blackledge and Hayashi 2006a) and across species for different types of silk Swanson et al. 2006a Swanson et al. , 2006b Swanson et al. , 2007 . Dragline silk, which seems to be produced by all araneomorph spiders, is highly variable across species in both mechanical properties, such as force and energy to break; material properties such as breaking stress, breaking strain and toughness; and dynamic properties, including the maximum tangent of delta (Swanson et al. 2006a (Swanson et al. , 2006b ).
These larger datasets not only point out the high variability in the properties of silk, but also allow tests of hypotheses about evolutionary patterns (Garland et al. 2005) . For instance, the variability in properties of dragline silk does not follow a phylogenetic pattern, meaning that closely related species do not tend to share similar silk properties (Blomberg et al. 2003) . A possible explanation for this pattern is that the properties may be under differential selection in the different spider species. Supporting this idea, it appears that some of the material properties vary with the ecology of silk use. Some of the species that do not use silk in the capture of prey (Dysdera and Schizocosa) produce silk that is weaker and less tough than that of other species who rely on the mechanical performance of silk to capture prey. This dataset does not have enough species to have power to test this observation statistically (Blomberg and Garland 2002) , but it appears that relaxed selection may lead to decreased performance of the fiber (Swanson et al. 2006b ). Another advantage of this sort of comparative analysis is the ability to look for evolutionary relationships such as constraints and correlations among properties (Garland et al. 2005) . Materials science suggests that properties should not be independent of one another (Wainwright 1976) . For example, within a type of material there should be a tradeoff between strength and extensibility, with strong materials being brittle and stretchy materials being weak (Knight and Vollrath 2002; Porter et al. 2005) . Additionally, stiff materials should be relatively strong. To test these hypotheses, phylogenetically independent contrasts can be calculated that effectively remove the effect of phylogenetic relatedness in the data (Felsenstein 1985; Garland et al. 1992) . Correlations of these contrasts in material properties of silk across species show very little relationship. Neither the expected positive correlation between strength and stiffness nor the expected tradeoff between strength and extensibility is found (Swanson et al. 2006b ).
This means that evolutionary changes in silk across species do not follow the expected relationships and constraints found in most other materials. For example, in the evolution of highly extensible fibers species were not necessarily forced to give up fiber strength. This evolutionary decoupling of properties is likely related to the complex nanocomposite structure suggested by the amino-acid sequence (Gosline et al. 1999) . Because different sections of the protein are responsible for strength, stiffness and extensibility, different protein domains are free to evolve without affecting other domains and therefore other properties. Through evolution, a fiber might get stronger by increasing the interactions between pleated beta sheets without affecting the beta spiral and amorphous regions of the fiber that might determine extensibility.
Properties of capture spiral silk (from the flagelliform glands) show a different pattern of evolutionary variation across species than does dragline silk (Opell and Bond 2001; Swanson et al. 2007 ). This rubber-like silk is only produced by spiders in the orbicularian clade of araneomorph spiders and is associated with capturing and retaining flying insects in their characteristic orb webs (Bond and Opell 1998) . Here, examining silk from fewer, and much more closely-related, species, the mechanical and material properties are even more variable than seen in dragline silk, with orders of magnitude of differences across species (Swanson et al. 2007 ). However, properties do seem to be evolutionary correlated, with a tradeoff between strength and extensibility (Swanson et al. 2007 ). This observation of nonindependence of the properties of silk could be due to the closer relationships between these species. For instance, spiders with similar silk protein sequence and similar spinning morphology may have the expected constraints in properties, whereas divergent amino-acid sequences and different spinning morphologies, seen in more distantly related species, may erase the relationships between properties.
New Data on basal silks
One of the conclusions from the comparative research on the properties of dragline silk is that the characteristics of high-performance silk are shared by all araneomorph spiders studied to date (Swanson et al. 2006a (Swanson et al. , 2006b . Although properties are highly variable across species, almost all of the species sampled in this clade have silk with a greater toughness and strength than found in other biomaterials. Estimated material properties at the base of the araneomorph clade (using phylogenetically independent contrasts) are still much higher than for other arthropod silks or other natural or manmade fibers (Gosline et al. 1986; Swanson et al. 2006b ). To answer questions about the evolution of the high-performance properties seen in spider silk, properties of silk from spiders in additional clades must be examined. Here, we present data on the material properties of silk from several species from the other two clades of spiders, the Mesothelae and the Mygalomorphae. The Mesothelae is the sister group to all other spiders and includes one extant family (the Liphistiidae). These spiders are only currently found in Southeast Asia and use silk to line burrows and as sensory or catching threads that radiate from a trapdoor-covered burrow (Coddington and Levi 1991; Selden 1996; Coddington et al. 2004 ). The Mygalomorphae is the sister group to the Araneomorphae and includes more than 2000 species. These spiders include the tarantulas, the purse-web spiders, trapdoor spiders, and funnel-web spiders. This group uses silk for lining retreats and burrows, or sometimes to capture prey (Platnick et al. 1991; Coddington et al. 2004 ). The properties of silk produced by these two groups of spiders was examined in order to understand silk properties in basal spider groups and to test the hypothesis that the evolution of high-performance silk is associated with the success and diversification of araneomorph spiders.
Materials and methods
At least two individuals of each of the nine species were obtained through the pet trade, housed in individual terraria, and fed crickets. Species included: Liphistius murphorium and Liphistius mayalanus from the Mesothelae, and Aphenoplema seemani, Cyroiopagopus pagonus, Grammastola rosea, Cyclosternum fasciatum, Pterinochilus marinus, Phormictopus cancerides, and Poecilotheria regalis from the theraphosid family of the Mygalomorphae. Data on the material properties of silk were collected using methods described in more detail elsewhere (Blackledge et al. 2005a (Blackledge et al. , 2005b Swanson et al. 2006b ). In summary, fresh silk was collected from the floors of the terraria using C-shaped cards with double-sided tape to adhere to the silk strands (at least 20 samples per individual). The strands were then permanently attached in place using a small drop of cyanoacrilate glue. Three images were taken for each sample using polarized light microscopy (Â1000 magnification) and diameters of silk strands were measured from these images using Image J (www.rsbweb.nih.gov/ij/). The cards were affixed to the grips of a nano-UTM materials tester (MTS-Nano, Oak Ridge, TN, USA), the card was cut away so that only the silk sample was held between the cross head (that extended) and the NMAT (that measured force of extension). The sample was extended at a constant crosshead speed of 1% strain/second until failure. The data on force and extension were then converted to stress and strain using the measured diameter (Fig. 1) . These data were then compared to the data on dragline diversity described above (Swanson et al. 2006b ). The testing environment ranged from 22.58C to 248C with 30-45% relative humidity. Values of basal nodes were calculated using independent contrasts to estimate a phylogenetically weighted average of the data for each clade (Garland et al. 1999) . Phylogenetically independent contrasts were calculated using a published tree topology (Raven 1985) and branch lengths (all branches equal to 1) were chosen so that there was no relationship between the standardized contrasts and their standard deviations (Garland et al. 1992) . Although, the silk spun by these basal groups of spiders may not be exactly homologous to the dragline silk spun by araneomorph spiders, it does provide a way to test hypotheses about the evolution of the highperformance characteristics seen in araneomorph dragline silk (Gatesy et al. 2001) .
Results

Material properties
The mechanical strength of liphistiid fibers was very high due to their large size (data not shown); however, the breaking stress and breaking strain was very low compared to araneomorph silks (Figs. 2 and 3) (Swanson et al. 2006b ). The mygalomorph silk was mechanically weaker due to both its small diameter and its low breaking stress (Figs. 2 and 3) . These fibers did have a variable, and on average higher, breaking strain (Figs. 2 and 3) . Stiffness of mesotheid and mygalomorph silk was not very different from each other and was lower than for araneomorphs (Figs. 2 and 4) (Swanson et al. 2006b ). Silk properties from the mygalomorph samples were highly variable, both intraspecifically and interspecifically (Fig. 2) .
Silk morphology and spinning behavior
The silk collected from the two liphiisiid species was of large diameter with an uneven, rough surface morphology (Fig. 3) . Silk was collected after the spiders laid silk on the substrate of a fresh terrarium.
These spiders used silk to line burrows, to construct trap doors over their retreats, and to lay sensory or catching threads that radiated from their tunnels. The silk appeared under high magnification to have multiple fibrils that were stuck together and fused into larger, irregular fibers (Fig. 3 ). This structure is very different from that of silk from araneomorphs, which has a very regular and smooth surface (Fig. 3) . The silk produced by the mygalomorphs was highly variable in diameter, but was generally smaller and much more smooth and regular in appearance compared to liphistiid silk (Fig. 3) . The spinning behavior of the mygalomorphs was also highly variable with some species only laying occasional draglines on the substrate and others producing large web structures.
Discussion
The lower performance in both strength and toughness seen in all of the basal species sampled suggests that high-performance silk evolved at the base of the Araneomorph clade rather than at the base of the spider clade (Figs. 3 and 4) . It has been suggested that the high-performance properties seen in spider silk have allowed araneomorphs to exploit flying insects as a food source and diversify into the most successful group of arthropod predators (Craig 1987; Foelix 1996; Vollrath 1999; Vollrath and Selden 2007) . The data presented here support this idea. Although silk is produced by all spiders, only that of the Araneomorph clade is much stronger and tougher than other arthropod silks or other protein fibers. This suggests that something fundamentally changed at the base of the araneomorph clade that allows this performance. The likely changes are either in amino-acid sequence or in silk-spinning morphology. Both the structure of the silk protein and the spinning apparatus are extremely complex, and which of these is the most important determinant of silk properties is unknown.
Although values of material properties tend not to be as high in silks from these basal clades, the properties are still variable, at least in mygalomorphs. Spiders in the mygalomorph clade use silk in a wide variety of ways, from the lining of burrows to the capture of prey. As in araneomorphs, it is possible that different ecologies of silk use provide different selective pressures on properties of silk. However, this dataset is not large enough to have power to test this hypothesis (Garland et al. 1993) .
The pattern of silk properties suggests a sequential evolution that led to the extreme toughness seen in araneomorph silk. The estimated basal node of the entire spider clade suggests that the silk produced by the ancestors of all spiders probably had a relatively low extensibility, low strength and, consequently, very low toughness (Fig. 4) . Mygalomorph silk seems to have a higher average extensibility, which leads to a slightly higher toughness. On the branch that leads to the araneomorph clade there is evolution of much higher strength, which leads to a large increase in toughness (Fig. 3) .
The three clades map to distinct regions of material-property space (Fig. 4) . The region of material space that a clade can fill is likely determined by the range of amino-acid sequences of silk produced by the clade, and the range of morphologies used to Raven (1985) and branch lengths are arbitrary.
spin silk (i.e., spinneret duct and spigot morphology) available to the clade (Gatesy et al. 2001; Knight and Vollrath 2002; Porter et al. 2005 ). It appears that the silks produced by the three clades are limited to different portions of the property space. This suggests that differences between clades may constrain silk properties, e.g., mygalomorph silk may be able to evolve along the extensibility axes, but may be constrained in the evolution of strength. On the contrary araneomorphs seem to have much less constraint on Values for material properties are estimated values for nodes at the base of these clades based on methods from Garland et al. 1999 ) (B) Strength, (C) Extensibility, and (D) Toughness. These are essentially phylogenetically weighted averages that provide an estimate of the likely silk properties in the ancestors of that clade. Bars indicate AE1 SD based on the variability in the data for each clade. Araneomorph species' data are from Swanson et al. (2006b) . Tree topology is from Coddington et al. (2004) ; branch lengths are arbitrary.
the evolution of strength, with a very wide range of observed values across species (Swanson et al. 2006a (Swanson et al. , 2006b ).
This dataset almost certainly underestimates the true range of the material properties of silk in each clade, as data used in this analysis comes from only a small subset of extant species (Coddington et al. 2004) . It is possible that with more sampling in the basal clades we would observe a larger range of values and examples of species that have silk properties with the high-performance characteristics seen in araneomorphs. However, the observation that values of strength do not overlap between the basal clades and the araneomorphs, and that only two araneomorph species have values of toughness in the range seen in basal species, suggests that there is a fundamental difference in the way these groups of spiders produce silk (Fig. 4) .
The observed pattern also supports the idea that silk properties are under selection based on the ecological context in which silk is used. The two species of araneomorphs that have very low strength and toughness (Dysdera and Schizocosa) use silk much as do mygalomorph and liphistiid species (Swanson et al. 2006b ). These are ambulatory ground predators that tend to use silk to build retreats and not for prey capture. The pattern suggests that both Dysdera and Schizocosa have independently lost the high-performance characteristics shared by the rest of the araneomorph clade. Fig. 4 Scatter plots of data on material performance of silk from all three major clades of spiders. The stars and lines represent the estimated values of properties at the basal node of the entire spider lineage with 95% confidence intervals (calculated using a phylogenetically weighted average of the species data; see Garland et al. 1999) . Properties shown are (A) stiffness or Young's modulus and strength or true stress at break, and (B) extensibility or true strain at break and toughness. Black squares are species' means for Araneomorph spiders (from Swanson et al. 2006b ), gray circles are species' means from liphistiids, and open triangles are species' means for mygalomorphs (data from the present study).
Conclusions
Previously published work and the data presented here show that spider silk is an extremely variable biomaterial (Madsen et al. 1999; Opell and Bond 2001; Blackledge and Hayashi 2006a; Swanson et al. 2006b Swanson et al. , 2007 . This variation is seen within individuals, across individuals of a species, across species within a clade, and across clades. Because of the central role that silk plays in the biology of most spiders, this variation in the properties of silk should have significant impacts on ecology and evolution. We suggest that for many organisms, material properties are likely to be as evolutionarily labile and as biologically important as other parts of the phenotype such as morphology, physiology and behavior (Craig 1987; Blomberg et al. 2003; Swanson et al. 2007) .
Studies like this one, where broad comparisons of data on material properties are made across diverse clades of organisms, can significantly advance our understanding of biomaterials in two ways. First, identifying where in a clade of organisms there is a significant shift in the performance of materials should allow for focused comparisons of the key differences between these species that demonstrate the characteristics of interest and those that do not. This should provide a better understanding of structure/function relationships. For instance, by looking at the transition in amino-acid sequences and the structures used to spin silk at the base of the araneomorph clade, it should be possible to identify how these spiders are able to produce their highperformance silk. Second, an understanding of biomaterials should inform us about the evolution of phenotypes. By understanding the evolutionary patterns of these complex traits it is possible to identify selective pressures and patterns of constraint and correlation that ultimately produce biodiversity. For instance, in the case of spider silk, it appears that the high-performance properties that evolved in some spiders correlate with the diversification and success seen in the crown clade of this group, the araneomorphs.
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